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BACKGROUND AND PURPOSE
Medical therapy of lower urinary tract symptoms (LUTS) suggestive of benign prostatic hyperplasia (BPH) targets smooth
muscle contraction in the prostate, or prostate growth. However, current therapeutic options are insufficient. Here, we
investigated the role of Rac in the control of smooth muscle tone in human prostates and growth of prostate stromal cells.

EXPERIMENTAL APPROACH
Experiments were performed using human prostate tissues from radical prostatectomy and cultured stromal cells (WPMY-1).
Expression of Rac was examined by Western blot and fluorescence staining. Effects of Rac inhibitors (NSC23766 and
EHT1864) on contractility were assessed in the organ bath. The effects of Rac inhibitors were assessed by pull-down,
cytotoxicity using a cell counting kit, cytoskeletal organization by phalloidin staining and cell growth using an
5-ethynyl-2′-deoxyuridine assay.

KEY RESULTS
Expression of Rac1–3 was observed in prostate samples from each patient. Immunoreactivity for Rac1–3 was observed in the
stroma, where it colocalized with the smooth muscle marker, calponin. NSC23766 and EHT1864 significantly reduced
contractions of prostate strips induced by noradrenaline, phenylephrine or electrical field stimulation. NSC23766 and
EHT1864 inhibited Rac activity in WPMY-1 cells. Survival of WPMY-1 cells ranged between 64 and 81% after incubation with
NSC23766 (50 or 100 μM) or EHT1864 (25 μM) for 24 h. NSC23766 and EHT1864 induced cytoskeletal disorganization in
WPMY-1 cells. Both inhibitors impaired the growth of WPMY-1 cells.

CONCLUSIONS AND IMPLICATIONS
Rac may be a link connecting the control of prostate smooth muscle tone with proliferation of smooth muscle cells.
Improvements in LUTS suggestive of BPH by Rac inhibitors appears possible.

Abbreviations
BOO, bladder outlet obstruction; BPH, benign prostatic hyperplasia; CCK-8, Cell Counting Kit-8; ECL, enhanced
chemiluminescence; EdU, 5-ethynyl-2′-deoxyuridine; EFS, electrical field stimulation; EHT1864, 5-(5-(7-
(trifluoromethyl)quinolin-4-ylthio)pentoxyl)-2-(morpholinomethyl)-4H-pyran-4-one dihydrochloride; LUTS, lower
urinary tract symptoms; MLC, myosin light chain; NSC23766, N6-[2-[[4-(diethylamino)-1-methylbutyl]amino]-6-methyl-
4-pyrimidinyl]-2-methyl-4,6-quinolinediamine trihydrochloride; PAK, p21-activated kinase; PBS-T, PBS containing 0.1%
Tween 20; PSA, prostate-specific antigen; RT-PCR, real-time PCR; 5-TAMRA, 5-carboxytetramethylrhodamine
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Introduction

Prostate smooth muscle tone and prostate growth may be
critically involved in the pathogenesis of lower urinary
tract symptoms (LUTS), and are important targets for
the treatment of LUTS (Hennenberg et al., 2014b). In patients
with benign prostatic hyperplasia (BPH), enhanced
α1-adrenoceptor-mediated prostate smooth muscle contrac-
tion and prostate enlargement may cause urethral obstruc-
tion and impairment of urethral flow either alone or together
(Hennenberg et al., 2014b). Consequently, both components
are important targets for medical therapy: while smooth
muscle relaxation by treatment with α1-adrenoceptor
antagonists (‘α1-blockers’) may cause an improvement in
symptoms, application of 5α-reductase inhibibitors may
reduce prostate size and the progression of BPH (Hennenberg
et al., 2014a).

However, despite their wide use as therapeutics for LUTS,
the benefits from α1-blockers are limited (Hennenberg et al.,
2014b). In clinical studies, improvements in the LUTS sug-
gestive of BPH by α1-blockers are only slightly different from
the effects of placebos: while α1-blockers enhance the
maximum flow rate (measured during micturition) by
15–40%, increases of up to 27% were reported in response to
placebos (Hennenberg et al., 2014a,b). Similarly, symptom
scores assessed by internationally standardized question-
naires are reduced to 30–50% by α1-blockers, and to 10–34%
by placebos (Hennenberg et al., 2014a,b). Benefits from
5α-reductase inhibitors, another mainstay of medical
therapy, are obvious as early as 3–6 months after commence-
ment of the therapy (Hennenberg et al., 2014a). However,
discontinuation of this treatment due to, for example, disap-
pointing results and/or side effects may vary between medi-
cations and studies, ranging from 27 to 45% for 5α-reductase
inhibitors (Nichol et al., 2009; Kruep et al., 2014). Adherence
to α1-blocker therapy may be better, although discontinua-
tion rates of up to 42% have been reported (Wilt et al., 2002;
Nichol et al., 2009).

In fact, the medical therapy of LUTS is still a challenge, so
alternative options are much needed. The development of
new therapies requires an improved understanding of pros-
tate smooth muscle contraction, and identification of critical
targets for the control of prostate smooth muscle tone
(Hennenberg et al., 2014a). Although it has been assumed
that alterations in prostate smooth muscle tone are linked to

changes in prostate growth, the molecular mechanisms con-
necting these two components with each other have still not
been elucidated (Hennenberg et al., 2014b).

Rac is a small monomeric GTPase that is involved in the
control of smooth muscle tone in the cardiovascular system
and airways, and occurs in three different isoforms (Rac1–3)
(Roscioni et al., 2011; Rahman et al., 2014). In addition, Rac
promotes cell cycle progression in different smooth muscle
cells, and hyperplastic growth in the cardiovascular system
(Pelletier et al., 2005; Simeone-Penney et al., 2008; Wu et al.,
2012). However, the role of Rac in the non-malignant pros-
tate has not been addressed to date. Here, we examined the
effects of two different Rac inhibitors, NSC23766 and
EHT1864, on contractions of human prostate tissue and on
the growth of non-malignant stromal cells.

Methods

Human prostate tissue
Human prostate tissues were obtained from patients under-
going radical prostatectomy for prostate cancer, but without
previous transurethral resection of the prostate. The research
was carried out in accordance with the Declaration of Hel-
sinki of the World Medical Association, and has been
approved by the ethics committee of the Ludwig Maximilian
University, Munich, Germany. Tissues were taken from the
periurethral zone, while most prostate tumours are located
at the peripheral zone (Pradidarcheep et al., 2011;
Shaikhibrahim et al., 2012). Tissue samples did not exhibit
histological signs of neoplasia, cancer or inflammation. BPH
is present in ca. 80% of patients with prostate cancer (Alcaraz
et al., 2009; Orsted and Bojesen, 2013). Samples were taken
immediately after prostatectomy and subsequent macro-
scopical examination by a pathologist. Organ bath studies
were performed immediately after sampling, while samples
for molecular analyses were shock frozen in liquid nitrogen
and stored at −80°C.

Quantitative real-time PCR (RT-PCR)
RNA from frozen prostate tissues was isolated using the RNeasy
Mini kit (Qiagen, Hilden, Germany). For isolation, 30 mg of
tissue was homogenized using the FastPrep®-24 system with
matrix A (MP Biomedicals, Illkirch-Graffenstaden, France).

Tables of Links

TARGETS

GPCRsa Enzymesb

α1-adrenoceptors PAK1

α1A-adrenoceptor PAK2

LIGANDS

EGF Phenylephrine

GTPγS Rac1

Noradrenaline Rac2

Phalloidin Rac3

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (a,bAlexander et al., 2013a,b).

BJP Y Wang et al.

2906 British Journal of Pharmacology (2015) 172 2905–2917

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=4
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2133
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=4
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2134
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4916
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=485
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4207
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5250
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=484
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5251
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4736
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5252
http://www.guidetopharmacology.org/
http://www.guidetopharmacology.org/


RNA concentrations were measured spectrophotometrically.
Reverse transcription to cDNA was performed with 1 μg of
isolated RNA using the Reverse Transcription System
(Promega, Madison, WI, USA). RT-PCR for Rac1, Rac2,
Rac3 and 18SrRNA was performed with a Roche Light
Cycler (Roche, Basel, Switzerland) using primers provided
by Qiagen (Hilden, Germany) as ready-to-use mixes, based
on the RefSeq Accession numbers NM_006908 for
Rac1, NM_002872 for Rac2, NM_005052 for Rac3 and
X03205.1 for 18SrRNA. PCR reactions were performed in a
volume of 25 μL containing 5 μL LightCycler® FastStart DNA
MasterPlus SYBR Green I (Roche, Basel, Switzerland), 1 μL tem-
plate, 1 μL primer and 18 μL water. Denaturation was per-
formed for 10 min at 95°C, and amplification with 45 cycles
of 15 s at 95°C followed by 60 s at 60°C. The specificity of
primers and amplification was demonstrated by subsequent
analysis of melting points, which revealed single peaks for
each target. Results are expressed based on the number of
cycles (Ct), at which the fluorescence signal exceeded a
defined threshold.

Western blot analysis
Frozen prostate tissues were homogenized in a buffer contain-
ing 25 mM Tris/HCl, 10 μM PMSF, 1 mM benzamidine and
10 μg·mL−1 leupeptine hemisulfate, using the FastPrep-24
system with matrix A (MP Biomedicals). After centrifugation
(20 000× g, 4 min), supernatants were assayed for protein
concentration using the Dc-Assay kit (Biorad, Munich,
Germany) and boiled for 10 min with SDS sample buffer
(Roth, Karlsruhe, Germany). Samples of WPMY-1 cells were
prepared as described later. Samples of prostate homogenates
(20 μg per lane), WPMY-1 cells (40 μg per lane), or from
pull-down assays (20 μL per lane) were subjected to SDS-
PAGE, and proteins were blotted on Protran® nitrocellulose
membranes (Schleicher & Schuell, Dassel, Germany). Mem-
branes were blocked with PBS containing 5% milk powder
(Roth, Karlsruhe, Germany) overnight, and incubated with
rabbit anti-Rac1 (sc-217), rabbit anti-Rac2 (sc-96), rabbit anti-
Rac3 (ab124943) (Abcam, Cambridge, UK), rabbit anti-RhoA
(sc-179), rabbit anti-p21-activated kinase (PAK) 1 antibody
(2602) (Cell Signaling, Ipswich, MA, USA), rabbit anti-
phospho-PAK1 (Thr423)/PAK2 (Thr401) (2601) (Cell Signaling),
goat anti-myosin light chain (MLC) (MYL9) (sc-34487), rabbit
anti-phospho-MYL9 (Thr18/Ser19) (sc-12896-R), mouse anti-
α1A-adrenoceptor (sc-100291), rabbit anti-TH (sc-14007),
mouse anti-pan-cytokeratin (sc-8018), mouse anti-calponin
1/2/3 (sc-136987), mouse anti-prostate-specific antigen (PSA)
(sc-7316), or mouse anti-β-actin antibody (sc-47778) (if not
stated otherwise, all compounds were obtained from Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Subsequently,
membranes were washed with PBS containing 0.1% Tween 20
(PBS-T), incubated with secondary biotinylated goat anti-
rabbit, horse anti-mouse, or horse anti-goat IgG (BA-1000,
BA-2000, BA-9500) (Vector Laboratories, Burlingame, CA,
USA), washed again with PBS-T, incubated with Avidin and
biotinylated HRP from the ‘Vectastain ABC kit’ (Vector Labo-
ratories) both diluted 1:200 in PBS, and washed again with
PBS-T. Finally, blots were developed with enhanced chemilu-
minescence (ECL) using ECL Hyperfilm (GE Healthcare,
Freiburg, Germany).

Immunofluorescence
Human prostate specimens, embedded in optimal cutting
temperature compound, were snap-frozen in liquid nitrogen
and kept at −80°C. Sections (8 μm) were cut in a cryostat and
collected on microscope slides (Superfrost®, Gerhard Menzel
GmbH, Braunschweig, Germany). Sections were post-fixed in
methanol at −20°C and blocked in 1% BSA before incubation
with primary antibody over night at room temperature. For
double labelling, the following primary antibodies were used
(all from Santa Cruz Biotechnology): rabbit anti-Rac1 (sc-
217), rabbit anti-Rac2 (sc-96), rabbit anti-Rac3 (ab124943)
(Abcam), mouse anti-pan-cytokeratin (sc-8018), mouse anti-
calponin 1/2/3 (sc-136987). Binding sites were visualized
using Cy3- and Cy5-conjugated secondary antibodies (goat
anti-mouse, AP124C, Millipore, Billerica, MA, USA; goat anti-
rabbit, ab6564, Abcam). Nuclei were counterstained with
DAPI (Invitrogen, Camarillo, CA, USA). Immunolabelled sec-
tions were analysed using a laser scanning microscope (Leica
SP2, Wetzlar, Germany). Fluorescence was recorded with
separate detectors. Control stainings without primary anti-
bodies did not yield any signals.

Tension measurements
Prostate strips (6 × 3 × 3 mm) were mounted in 10 mL aerated
(95% O2 and 5% CO2) tissue baths (Föhr Medical Instruments,
Seeheim, Germany), containing Krebs–Henseleit solution
(37°C, pH 7.4). Preparations were stretched to 4.9 mN and
left to equilibrate for 45 min. In the initial phase of the
equilibration period, spontaneous decreases in tone were
usually observed. Therefore, tension was adjusted three times
during the equilibration period, until a stable resting tone
(4.9 mN) was attained. After the equilibration period,
maximum contraction induced by 80 mM KCl was assessed.
Subsequently, chambers were washed three times with Krebs–
Henseleit solution for a total of 30 min. Cumulative
concentration-response curves for noradrenaline or phenyle-
phrine were created after addition of Rac inhibitors, or
solvent (ethanol for NSC23766, water for EHT1864). Simi-
larly, frequency-response curves induced by electrical field
stimulation (EFS) were created after addition of inhibitors or
solvent. EFS simulates action potentials, resulting in the
release of neurotransmitters, including noradrenaline. Inhibi-
tors or solvent were applied 30 min before obtaining
concentration- or frequency-response curves. For calculation
of agonist- or EFS-induced contractions, tensions were
expressed as a % of KCl-induced contractions, as this may
correct for different ratios of stromal/epithelial content
among the different prostate samples.

Cell culture
WPMY-1 cells are an immortalized cell line obtained from
non-malignant human prostate stroma. Cells were obtained
from American Type Culture Collection (Manassas, VA, USA),
and kept in RPMI 1640 (Gibco, Carlsbad, CA, USA) supple-
mented with 10% FCS and 1% penicillin/streptomycin at
37°C with 5% CO2. Before addition of NSC23766 (100 μM)
EHT1864 (100 μM), the medium was changed to an FCS-free
medium. At the end of the experiment, cells were placed
under a microscope and pictures were taken using the
AxioCam (Zeiss, Oberkochen, Germany). For Western blot
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analysis, cells were lysed using RIPA buffer (Sigma-Aldrich, St.
Louis, MO, USA), and removed from flasks after a 15 min
incubation on ice. Cell debris were removed by centrifuga-
tion (10 000× g, 10 min, 4°C), and different aliquots of super-
natants were either subjected to protein determination, or
boiled with SDS sample buffer.

Pull-down assays and phosphorylation
assessments
Assays were performed using the Rac or Rho pull-down acti-
vation assay kit (BK035 or BK036) (Cytoskeleton, Denver, CO,
USA), according to the manufacturer’s instructions, and by
Western blot analysis as described above. For pull-down
assays and PAK phosphorylation, WPMY-1 cells were grown
in T75 flasks. After 48 h, the medium was changed to FCS-free
medium. After 24 h, NSC23766 (final concentration 100 μM),
EHT1864 (100 μM), or solvent (DMSO) was added to the
serum-starved cells. One hour later, GTPγS was added with a
final concentration of 100 μM. After 2 h, cells were stimu-
lated for 3 min with EGF (50 ng mL−1 final concentration).
Subsequently, cells were lysed using lysis buffer from the kit,
and removed from flasks after 15 min of incubation on ice.
Cell debris was removed by centrifugation (10 000× g,
10 min, 4°C), and supernatants were directly subjected to
pull-down assays and protein determination. Other aliquots
of these samples were not subjected to pull-down assays, but
to Western blot analysis for phospho-PAK, total PAK, or
(total) Rac1 and RhoA. For assessment of MLC phosphoryla-
tion, NSC23766 (100 μM), EHT1864 (100 μM), or solvent
(DMSO) was added to serum-starved cells, followed by addi-
tion of noradrenaline (30 μM final concentration). Fifteen
minutes later, cells were lysed and subjected to Western blot
analysis as described earlier. Pull-down assays and phospho-
rylation analyses were each repeated in a preliminary series of
three independent experiments.

Cytotoxicity assay
Cytotoxicity of Rac inhibitors was assessed using the Cell
Counting Kit-8 (CCK-8) (Sigma-Aldrich). Cells were grown in
96-well plates (20 000 cells per well) for 24 h, before
NSC23766, EHT1864, or solvent were added at the indicated
concentrations (25–100 μM). Subsequently, cells were grown
for the indicated periods (24, 48, 72 h). Separate controls
were performed for each period. At the end of this period,
10 μL of [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium monosodium salt from
CCK-8 was added, and absorbance in each well was measured
at 450 nm after incubation for 2 h at 37°C. Each setting
was repeated in a preliminary series of three independent
experiments.

Phalloidin staining
For fluorescence staining with phalloidin, cells were grown
on Lab-Tek Chamber slides (Thermo Fisher, Waltham, MA,
USA). Staining was performed using 100 μM FITC-labelled
phalloidin (Sigma-Aldrich, Munich, Germany), according to
the manufacturer’s instruction. Labelled cells were analysed
using a laser scanning microscope (Leica SP2, Wetzlar,
Germany). Each setting was repeated in a preliminary series
of three independent experiments.

Cell proliferation assay
WPMY-1 cells were plated at a density of 50 000 per well in a
16-well chambered coverslip (Thermo Scientific, Waltham,
MA, USA). After 24 h, cells were treated with NSC23766
(100 μM) or EHT1864 (25 μM) in FCS-free medium. After a
further 24, 48 or 72 h, the medium was changed to a 10 mM
5-ethynyl-2′-deoxyuridine (EdU) solution in FCS-free
medium containing Rac inhibitors. After 20 h, cells were
fixed with 3.7% formaldehyde. EdU incorporation was
determined using the ‘EdU-Click 555’ cell proliferation
assay (Baseclick, Tutzing, Germany) according to the manu-
facturer′s instructions. In this assay, incorporation of
EdU into DNA is assessed by detection with fluorescing
5-carboxytetramethylrhodamine (5-TAMRA). Counterstain-
ing of all nuclei was performed with DAPI. Cells were ana-
lysed by flourescence microscopy (excitation: 546 nm;
emission: 479 nm). Each setting was repeated in a prelimi-
nary series of three independent experiments.

Drugs and nomenclature
NSC23766 and EHT1864 are structurally unrelated inhibitors
of Rac GTPases (Gao et al., 2004; Akbar et al., 2006; Shutes
et al., 2007). Stock solutions (10 mM) were prepared with
ethanol (NSC23766) or water (EHT1864) for organ bath
experiments, and kept at −20°C until use. For cell culture
experiments, NSC23766 and EHT1864 were dissolved
in DMSO, so that one DMSO control was used for
both inhibitors. Phenylephrine ((R)-3-[-1-hydroxy-2-
(methylamino)ethyl]phenol) is a selective agonist for
α1-adrenoceptors (Michel and Vrydag, 2006). Aqueous stock
solutions of phenylephrine and noradrenaline (10 mM) were
freshly prepared before each experiment. NSC23766 and
EHT1864 were obtained from Tocris (Bristol, UK), phenyle-
phrine and noradrenaline were obtained from Sigma
(Munich, Germany).

Statistical analysis
Data are presented as means ± SEM with the indicated
number (n) of experiments. Student’s two-tailed t-test was
used for paired or unpaired observations. P-values <0.05 were
considered statistically significant.

Results

Expression of Rac1–3 in prostate tissue
Expression of mRNAs for Rac1, Rac2 and Rac3 was detected in
prostate samples from all the patients investigated (n = 7)
(Figure 1A). Average Ct was 24.6 ± 1.97 for Rac1, 25.3 ± 0.98
for Rac2, and 25.1 ± 0.47 for Rac3, while the housekeeping
gene 18SrRNA was detectable with an average Ct of
14.9 ± 0.26.

Western blot analysis of human prostate tissues revealed
bands with the expected sizes of Rac1 (21.5 kDa), Rac2
(21.4 kDa) and Rac3 (21.4 kDa) (Figure 1B). Although their
intensity varied slightly, these bands were obtained with each
prostate sample (Figure 1B). Similarly, bands for the smooth
muscle marker, calponin, and the epithelial marker, pan-
cytokeratin, were obtained with slightly varying intensity,

BJP Y Wang et al.

2908 British Journal of Pharmacology (2015) 172 2905–2917



but from all samples (Figure 1B). The content of PSA varied
greatly, while the intensity of β-actin bands was similar
between all samples (Figure 1B).

After fluorescence staining of prostate sections with an
anti-Rac1 antibody, immunoreactivity was mostly observed
in the stroma, and to lower degree in the glands (Figure 2).
Rac1 staining colocalized with immunoreactivity for cal-
ponin, which was completely confined to the stroma
(Figure 2). In contrast, no colocalization was observed with
pan-cytokeratin, which was completely confined to glands
(Figure 2). Staining with an anti-Rac2 antibody revealed a
similar pattern, with high immunoreactivity and calponin
colocalization in the stroma, but weak immunoreactivity and
a lack of pan-cytokeratin colocalization in the glands
(Figure 2). In contrast, immunoreactivity after staining with
an anti-Rac3 antibody was strongest in glandular epithelial
cells, where it colocalized with pan-cytokeratin, while it was
weaker, but still colocalizing with calponin in the stroma
(Figure 2).

Effects of Rac inhibitors on contraction of
prostate tissue
In the organ bath, noradrenaline and the α1-adrenoceptor
agonist, phenylephrine, induced concentration-dependent

contractions of human prostate strips (Figure 3). These were
significantly reduced by application of NSC23766 (100 μM)
(Figure 3). EFS induced frequency-dependent contractions,
which were also significantly reduced by NSC23766
(Figure 3). Likewise, application of EHT1864 (100 μM) caused
significant inhibitions of noradrenaline-, phenylephrine- and
EFS-induced contractions of prostate strips (Figure 3).

Characterization of WPMY-1 cells
Western blot analysis of WPMY-1 cells revealed intense bands
for calponin and α1A-adrenoceptors, which are important fea-
tures of prostate smooth muscle cells (preliminary series of
three independent experiments) (Figure 4A). In contrast,
bands for the epithelial marker, pan-cytokeratin, and for the
marker for catecholaminergic nerves, TH were virtually
missing (Figure 4A). Bands for all three Rac isoforms, for
PAK1, and for β-actin were detectable in all samples
(Figure 4A).

Figure 1
RT-PCR and Western blot analysis of human prostate tissues. (A)
Detection of mRNA of Rac isoforms 1–3 by RT-PCR in periurethral
prostate tissues from n = 7 patients. Expression of Rac is referred to as
expression of 18SrRNA. Shown are values for each sample (ratios of
Ct values), and the median for each target. Note: the higher the
value, the lower the expression of the target. (B) Periurethral prostate
tissues from n = 7 patients were subjected to Western blotting using
antibodies for Rac isoforms 1–3, calponin (smooth muscle marker),
pan-cytokeratin (marker for epithelium/glands), PSA (marker for
BPH), and β-actin (housekeeping, loading control). Figure 2

Fluorescence staining of human prostate tissue. Tissues were double-
labelled using isoform-specific antibodies for Rac isoforms 1–3, and
calponin (left panels) or pan-cytokeratin (right panels). Yellow colour
indicates colocalization of immunoreactivities. Shown are representa-
tive stainings from a series of tissues from n = 6 patients, with similar
results.
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Effects of Rac inhibitors on Rac and
RhoA activities
Activities of Rac and RhoA were examined by pull-down
assays in a preliminary series of three independent experi-
ments for each GTPase. Active Rac1 and RhoA were

detectable by pull-down assays in WPMY-1 cells (Figure 4B).
Incubation with NSC23766 (100 μM) or EHT1864 (25 μM) for
1 h reduced the content of active, GTP-loaded Rac in
WPMY-1 cells, while the total content of Rac1 was similar in
inhibitor- and solvent-treated cells (Figure 4B). In contrast,

Figure 3
Inhibition of prostate contraction by the Rac inhibitors, NSC23766 (A) and EHT1864 (B). In an organ bath, human prostate strips were exposed
for 30 min to NSC23766 (100 μM) or solvent (ethanol) as a control for NSC23766, or for 30 min to EHT1864 (100 μM) or solvent (water) as a
control for EHT1864. Subsequently, concentration–response curves for noradrenaline or the α1-adrenoceptor agonist phenylephrine were
constructed, as well as EFS-induced frequency–response curves. Data are means (±SEM) from experiments with prostate tissues from n = 5
(noradrenaline/NSC23766), n = 9 (phenylephrine/NSC23766), n = 8 (EFS/NSC23766), n = 10 (noradrenaline/EHT1864), n = 7 (phenylephrine/
EHT1864), or n = 6 (EFS/EHT1864) patients (#P < 0.05).
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incubation of WPMY-1 cells with NSC23766 (100 μM) or
EHT1864 (100 μM) for 1 h did not affect the content of
active, GTP-loaded RhoA or of total RhoA (Figure 4B).

Effects of Rac inhibitors on MLC and
PAK phosphorylation
Western blot analyses using phospho- and non-phospho-
specific antibodies suggested that incubation with NSC23766
(100 μM) or EHT1864 (100 μM) for 1 h neither affected the
content of phospho-MLC or total MLC, nor of phospho-PAK
or total PAK (preliminary series of three independent experi-
ments) (Figure 4C).

Assessment of cytotoxicity of Rac inhibitors
in WPMY-1 cells
Survival of WMPY-1 cells after incubation with different con-
centrations of NSC23766 (50, 100 μM) or EHT1864 (25,
100 μM) for different periods (24, 48, 72 h) was assessed using
a CCK assay, by preliminary series of three independent
experiments for each setting. Twenty-four hours after incu-
bation of cells with 50 or 100 μM NSC23766, or with 25 μM
EHT1864, survival ranged between 64 and 81% (Figure 5).
Forty-eight or 72 h after incubation of cells with NSC23766
or EHT1864, both inhibitors dose-dependently reduced sur-
vival, with a maximum survival of 52% (NSC23766 50 μM,
48 h), and a minimum survival of 1% (EHT1864 100 μM, 48
and 72 h) (Figure 5).

Effects of Rac inhibitors on the organization
of actin filaments in WPMY1-1 cells
The organization of actin filaments was examined by phal-
loidin staining, which was assessed in a preliminary series of
three independent experiments for each setting. In cells
without application of inhibitors (controls), actin filaments
were arranged in bundles, which determined the shape of the
cells (Figure 6A and B). The shape of control cells was char-
acterized by many long and thin protrusions, containing
bundles of actin filaments (Figure 6). Treatment of cells
with 50 μM NSC23766 for 24 h induced a partial breakdown
of this filament organization (Figure 6A). Treatment of cells
with 100 μM NSC23766, or with 25 or 100 μM EHT1864 for
24 or 48 h induced a complete breakdown of the cytoskel-
eton, characterized by a disorganization of the filament
arrangement, and of the cellular shape (Figure 6A and B).
Thus, on application of inhibitors, protrusions became
shorter and thicker, resulting in a rounded cell shape
(Figure 6A and B).

Effects of Rac inhibitors on growth of
WPMY-1 cells
The proliferation of cells was assessed using an EdU assay
(preliminary series of three independent experiments for
each setting), and referred to the total number of WPMY-1
cells being visualized by DAPI. After application of NSC23766

Figure 4
WPMY-1 cells: characterization (A), and effects of Rac inhibitors on Rac1 and RhoA activity (B) and on MLC and PAK phosphorylation (C). (A)
Western blot analysis of three independent samples was performed using antibodies for different markers and α1A-adrenoceptors, for Rac isoforms
1–3, for PAK1, and β-actin. (B) Cells were treated with NSC23766 (100 μM, 1 h), EHT1864 (100 μM, 1h), or solvent (DMSO, 1 h), and
subsequently subjected to pull-down assays for assessment of Rac1 or RhoA activity. (C) Cells were treated with NSC23766 (100 μM, 1 h),
EHT1864 (100 μM, 1h), or solvent (DMSO, 1 h), and subsequently subjected to Western blot analysis using phospho-specific and non-phospho-
specific MLC and PAK antibodies. Shown are representative blots from three independent experiments, with similar results.
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(100 μM) for 24, 48 or 72 h, or after application of EHT1864
(25 μM), the number of cells showing proliferation declined
compared with controls without inhibitors (Figure 7). This
decline may be progressive, as the number of proliferating

cells was lower after 72 h of incubation than 24 h after incu-
bation (Figure 7). In contrast, the number of control cells
proliferating was similar 24, 48 and 72 h after incubation
(Figure 7).

Figure 5
Assessment of cytotoxicity of Rac inhibitors in WPMY-1 cells. Cells were treated with different concentrations of NSC23766 (50, 100 μM) or
EHT1864 (25, 100 μM), or solvent (DMSO) for different periods (24, 48 or 72 h), and subjected to the CCK assay for assessment of survival.
Absorbance was measured at 450 nm; lower values indicate lower survival. Shown are means ± SEM from three independent experiments for each
setting.
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Discussion

In patients with BPH, prostate smooth muscle tone and pros-
tate growth may contribute to LUTS either alone or together
(Hennenberg et al., 2014b). Both may impair urethral flow,
causing bladder outlet obstruction (BOO). Contraction of
prostate smooth muscle, which may be enhanced in BPH, is
to a large extent mediated by α1-adrenoceptors (Andersson
et al., 1997; Michel and Vrydag, 2006; Hennenberg et al.,
2014b). Consequently, smooth muscle relaxation by applica-
tion of α1-blockers, and inhibition of prostate growth by
5α-reductase inhibitors are the main options for pharmaco-
logical therapy of LUTS suggestive of BPH (Hennenberg et al.,
2014a). However, their effects are limited or even insufficient
(Hennenberg et al., 2014b). New options require an improved
understanding of smooth muscle contraction and growth in
the prostate, and identification of new targets (Hennenberg
et al., 2014a).

Besides Rac, the superfamily of small monomeric GTPases
comprises at least 25 members, including RhoA, amongst
others (Takai et al., 2001; Wennerberg and Der, 2004). While
the role of RhoA in smooth muscle contraction in different
organs, including the prostate, has been intensively studied
(Christ and Andersson, 2007; Hennenberg et al., 2014b), the
role of Rac in the control of smooth muscle tone is just
emerging. Recent studies suggested that Rac mediates relaxa-
tion of airway smooth muscle, while Rac mediates contrac-
tion of vascular smooth muscle (Roscioni et al., 2011;
Rahman et al., 2014). This prompted us to investigate the
functions of Rac in the human prostate.

RT-PCR demonstrated the expression of all three Rac iso-
forms (Rac1–3) in prostate tissues. In our Western blot
analyses and fluorescence stainings, we observed immunore-
activity for each isoform in each prostate sample. The varia-
tion in Rac immunoreactivities was quite low, while the
content of PSA (marker for BPH) strongly varied among
patients. Thus, Rac1–3 may be constitutively expressed, and
does not depend on the degree of BPH, reflecting the impor-
tance of Rac as a principle regulator of cellular functions in the
prostate. For our study, we used tissues from the periurethral
area. Most prostate tumours are located in the peripheral zone
(Pradidarcheep et al., 2011; Shaikhibrahim et al., 2012), so our
samples were non-malignant. Almost all patients undergoing
radical prostatectomy show BPH (Alcaraz et al., 2009; Orsted
and Bojesen, 2013), although to varying degrees. This was
reflected by the variations in PSA levels in Western blot, as PSA
is a suitable marker for BPH (Levitt and Slawin, 2007). Com-
parisons with non-hyperplastic tissue were not possible,
because such tissues were unavailable. Expression of all three
Rac isoforms was also observed in WPMY-1 cells. This cell line
was derived from the non-malignant stroma of a human
prostate, where the major cell type are smooth muscle cells.
Our characterization by Western blot analysis demonstrated
the expression of calponin and α1A-adrenoceptors in WPMY-1
cells, which are important features of prostate smooth muscle
cells. In contrast, the markers for epithelial cells and catecho-
laminergic neurons, pan-cytokeratin and TH, were virtually
missing in these cells. This pattern suggests that WPMY-1 cells
are prostate smooth muscle cells, or at least strongly resemble
prostate smooth muscle cells.

Figure 6
Phalloidin staining of WPMY-1 cells. Cells were treated with different concentrations of NSC23766 (50, 100 μM) or EHT1864 (25, 100 μM), or
solvent (DMSO) for different periods (24 or 48 h), and subsequently stained with FITC-labelled phalloidin (red fluorescence) and DAPI (blue
fluorescence). Shown are representative stainings from three independent experiments.
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NSC23766 and EHT1864 are structurally different com-
pounds, but both are specific inhibitors for Rac GTPases. Rac
inhibition by NSC23766 is accomplished by inhibition of
Rac-specific guanosine nucleotide exchange factors (Gao
et al., 2004; Akbar et al., 2006). The selectivity of NSC23766
may be higher for Rac1 than for Rac2 or Rac3, while it does
not inhibit RhoA or CDC42 (Gao et al., 2004; Akbar et al.,
2006). EHT1864 is specific for Rac GTPases, but quite unse-
lective for different Rac isoforms (Rac1–3) (Shutes et al.,
2007). Our preliminary results from pull-down assays suggest
the inhibition of Rac1 by both inhibitors in prostate stromal
cells, while the activity of RhoA remained unaffected by
NSC23766 or EHT1864. The isoform selectivity of both
inhibitors is probably too low to allow conclusions about
isoform-specific contributions from our organ bath experi-
ments. Of note, inhibition of contractions by noradrenaline,
phenylephrine and EFS in our organ bath experiments was
quite strong, as it mostly ranged from 40 to 90%. This degree
of inhibition is almost comparable with α1-blockers, which

ranges from 30 to 80% for human prostate tissues (Michel
and Vrydag, 2006).

We assume that this inhibition was at least partially
caused by disruption of actin filaments. In WPMY-1 cells, this
may occur in response to NSC23766 and EHT1864, as sug-
gested by our phalloidin stainings. Polymerization of actin to
filaments, the precise organization of filaments to bundles,
and their attachment to membranes are important prerequi-
sites for contraction of smooth muscle cells (Hennenberg
et al., 2014b). Disorganization of filaments similar to that in
our inhibitor-treated prostate stromal cells may result in loss
of contractility. In fact, it has been suggested by numerous
studies and for different cell types that Rac1 promotes pro-
contractile actin dynamics, and is crucial for actin-dependent
processes such as migration (Machesky and Hall, 1997;
Pelletier et al., 2005; Bristow et al., 2009; Tsang et al., 2012).
Similar to our WPMY-1 cells, Rac inhibition prevented the
formation of cell protrusions in other cells (Tovell et al.,
2012). Whether further mechanisms are involved in
NSC23766- and EHT1864-mediated inhibition of prostate
smooth muscle contraction may be the subject of further
studies. Definitively, our findings strongly suggest a critical
role for Rac in prostate smooth muscle contraction.

We assume that such a breakdown of cytoskeletal organi-
zation by NSC23766 and EHT1864 is responsible for the inhi-
bition of contraction of prostate tissues in the organ bath. In
fact, the correct assembly and attachment of the cytoskeleton
may be critical for smooth muscle contraction in the prostate,
in addition to MLC phosphorylation (Walther et al., 2012;
Hennenberg et al., 2014b; Kunit et al., 2014). It has been
previously suggested that regulation of smooth muscle tone
and of cytoskeletal organization by Rac requires Rac-
mediated PAK phosphorylation, crosstalk with RhoA or MLC
phosphorylation are also other mechanisms (Vidal et al.,
2002; Roscioni et al., 2011; Weidemann et al., 2013). Our
preliminary findings from three independent experiments
suggest that Rac regulates contraction of prostate smooth
muscle independently of MLC phosphorylation, namely by
organization of actin filaments. Thereby, the mechanisms of
Rac-dependent regulation of prostate smooth muscle contrac-
tion may differ from mechanisms in non-prostatic smooth
muscle. In fact, the role of Rac for regulation of smooth
muscle tone and its underlying mechanisms may vary in
different organs (Li et al., 2011; Roscioni et al., 2011; Rahman
et al., 2014). While Rac promotes relaxation of airway smooth
muscle, it promotes contraction of vascular smooth muscle
by mechanisms interfering with MLC phosphorylation
(Roscioni et al., 2011; Rahman et al., 2014). Finally, PAK regu-
lation by Rac in the human prostate will probably occur,
as suggested by pull-down assays using a recombinant
PAK-based Rac interaction partner, but appears to be
phosphorylation-independent.

Besides prostate smooth muscle contraction, NSC23766
and EHT1864 may impair growth of WPMY-1 cells, as sug-
gested by our preliminary series of cell culture experiments.
Rac-mediated proliferation has been reported for different cell
types, including smooth muscle cells from different organs,
and malignant prostate cells. Rac promotes proliferation of
prostate cancer cells, and growth of prostate tumours (Qin
et al., 2009; Goc et al., 2012; Kato et al., 2013; Zins et al.,
2013). Rac-mediated proliferation has been reported for

Figure 7
EdU assay in WPMY-1 cells. Cells were treated with NSC23766
(100 μM), EHT1864 (25 μM), or solvent (DMSO) for 24, 48 or 72 h,
and subsequently subjected to the EdU assay. Proliferation is indi-
cated by red nuclei (pink in overlay) in EdU staining. The quantified
results (means ± SEM), and representative stainings are shown from
three independent experiments.
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airway, bladder and vascular smooth muscle cells (Beier et al.,
2008; Simeone-Penney et al., 2008; Toumaniantz et al., 2010;
Wu et al., 2012; Jiang et al., 2014). Interestingly, it has been
suggested that Rac may be involved in hyperplastic growth
and differentiation in the cardiovascular system, including
cardiac hypertrophy, neointimal formation, vascular remod-
elling and angiogenesis (Sawada et al., 2010; Vettel et al.,
2012; Elnakish et al., 2013; Staiculescu et al., 2013; Talukder
et al., 2013). Therefore, it is tempting to speculate that Rac-
mediated proliferation of prostate stromal cells may be
involved in BPH.

In the light of these findings, we assume that Rac may be
a link, connecting the control of smooth muscle tone with
the regulation of growth in the prostate. The coupling of
prostate smooth tone with growth has been proposed previ-
ously, although the underlying molecular mechanisms still
remain unclear (Hennenberg et al., 2014b). Of note, similar
connections between the regulation of cytokinesis and con-
tractility may exist in other cell types. In fact, both processes
need precise and correct organization of the cytoskeleton and
actin filaments (Zhou et al., 2010). The mitotic spindle, which
is required for proper cell division, contains cytoskeletal com-
ponents including actin (Zhou et al., 2010). It has been pro-
posed that the organization of cytokinesis depends on
cytoskeletal regulation by Rac (Zhou et al., 2010). This
concept may apply to prostate smooth muscle cells, as our
findings suggested cytoskeletal disorganization in response to
Rac inhibitors in WPMY-1 cells. In addition, the correct
assembly and attachment of the cytoskeleton is required for
contraction (Hennenberg et al., 2014b). Thus, both processes
may underlie the control by common regulators, such as Rac;
Rac may regulate contractility and cell cycle by organizing
the filaments.

Together, our findings suggest that Rac inhibitors interfere
with both components of BOO, namely prostate smooth
muscle contraction and prostate growth. In vivo studies are
required to find out whether Rac inhibitors inhibit prostate
growth, or induce improvements in LUTS suggestive of BPH.
In patients with BPH, medical treatment for improvement of
LUTS should increase maximum urinary flow rate (Qmax) and
reduce symptom scores (‘international prostate symptom
score’) (Oelke et al., 2013). An inhibition of prostate growth
or reduction in prostate volume takes longer to translate into
improvements in LUTS, but may reduce the progression of
BPH, the risk of complications (e.g. acute urinary retention),
or the need for invasive interventions (Oelke et al., 2013). At
present, contraction and growth may be targeted by different
compounds (α1-blockers, 5α-reductase inhibitors). A single
compound, targeting both components of BOO at once is not
yet available for treatment of LUTS. Based on our findings,
both may be expected from Rac inhibitors.

Any application in vivo requires that medications are safe.
Here, we assessed the cytotoxicity of NSC23766 and EHT1864
in WPMY-1 cells; our preliminary findings suggested cyto-
toxicity in response to high concentrations and prolonged
incubation periods. At lower concentrations and shorter
exposure, cytotoxicity appeared to be remarkably low.
Although cytotoxicity of both inhibitors may be additionally
relevant in non-prostatic cells and may limit clinical use,
NSC23766 and EHT1864 have been recently applied repeat-
edly in animal models, where no severe side effects became

apparent (Desire et al., 2005; Kawarazaki et al., 2012; Zhang
et al., 2013; Hwaiz et al., 2014; Liao et al., 2014; Yoshida et al.,
2014).

Conclusions

Rac may be a link connecting the control of prostate smooth
muscle tone with proliferation of smooth muscle cells.
Improvements in LUTS suggestive of BPH by Rac inhibitors
appears possible, which may be addressed in the future by
in vivo studies.
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